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Summary 

Chromatid gaps, breaks and aberrations involved in interchanges induced by 
JV-methyl-AT-nitrosourea (MNU) were found non-randomly distributed on indi- 
vidual chromosomes and chromosome segments (G bands) both in human 
diploid fibroblasts and fibroblasts with trisomy 21 cultured in vitro. Aberration 
events were located exclusively in pale G bands. Considering cells in the first 
post-treatment mitosis, the pattern of aberration distribution, as revealed by 
the position of hot spots, varied with recovery time and was different in diploid 
and Down's cells. In comparison with diploid cells, the X chromosomes of 
Down's cells were not involved in aberrations. Despite the higher aberration 
frequencies of Down's cells, the number of hot spots and the proportion of 
aberrations located in hot spots were not increased in this cell type. Therefore, 
the increased chromosomal sensitivity to MNU of Down's cells does not reflect 
an increased sensitivity of special chromosomes or chromosome sites. 



Introduction 

Down's syndrome is a congenital disease characterized by trisomy 21 which 
predisposes the affected persons to the development of leukemia [19,25,28,49]. 
Furthermore, lymphocytes of patients with Down's syndrome are more sensi- 
tive than lymphocytes of healthy individuals to the action of X-rays [7,8,10, 
21,42,43] and other chromosome-breaking agents [34,46]. Investigations on 
the clastogenic effect of AT-methylJV-nitrosourea (MNU) in diploid fibroblasts 
and fibroblasts with trisomy 21 in vitro [20] showed Down's cells to be more 
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sensitive with respect to the induction of chromosomal aberrations and the 
inhibition of the progression of cells through the S phase of the cell cycle. 
These results verify the concept of a higher chromosomal sensitivity of Down's 
cells which is generally assumed to be due to differences in the repair capacity 
of diploid and Down's cells [18,43] . 

The association of an increased chromosomal sensitivity of Down's cells and 
the predisposition of patients with Down's syndrome to the development of 
tumours is of interest with respect to the hypothesis stating that somatic muta- 
tions play a causal role in the processes involved in transformation of normal 
cells to tumour cells. Assuming that special chromosome constitutions lead to 
malignant transformation of cells, as demonstrated by Rabinowitz and Sachs 
[2,38], it might be expected that the increased transformation frequency of 
Down's cells is a result of a more pronounced aberration clustering in chromo- 
some regions important for malignant transformation. 

There is good evidence of a non-random distribution of aberrations induced 
both by X-rays and chemical mutagens in chromosomes of plants, mammals 
and man [5,14,26,33,40,45,48]. Investigations of human chromosomes stained 
by the recently developed Q, G and R banding techniques also showed that 
induced aberrations were not distributed proportionally to chromosome length 
but clustered in special chromosome regions [4,6,16,30,44]. 

The present paper deals with the location of aberrations on chromosomes of 
diploid and Down's cells that were induced by the highly reactive mutagen 
[24,27] and carcinogen [12] MNU. 

Attempts were made to answer the following questions. (1) Are MNU- 
induced aberrations non-randomly distributed in human chromosomes? (2) Are 
there chromosome sites which are preferentially involved in aberrations? (3) Is 
the pattern of aberration distribution dependent on the position of cells in the 
cell cycle during mutagen application? (4) Are there differences in the pattern 
of aberration distribution between diploid and Down's cells? (5) Are increased 
aberration frequencies of Down's cells due to an increased sensitivity of special 
chromosomes or chromosome segments to the chromosome-breaking effect of 
MNU? 



Materials and methods 

The cell culture technique used and the treatment procedure of cells with 
MNU have been described previously [20]. Embryonic diploid cells (46, XX) 
and cells with trisomy 21 (47, XX, +21), derived from the lung^of deceased 
babies with Down's syndrome, were cultured in glass vessels at 37 C in Eagle s 
Minimal Essential Medium (MEM) supplemented with 20% inactivated call 
serum (inoculation density, 10 s cells per ml). In the exponential phase ol 
growth cells were incubated for 60 min in the dark with medium containing 
MNU. (Final concentration of MNU: 1 X 10' 3 M; pH 6,8; 37°C.) After MNU 
treatment the cell layer was rinsed twice with phosphate-buffered saline (PBS), 
and conditioned medium was added. 

Chromosomes were prepared from trypsinized colchicine-arrested cells (final 
concentration of colchicine: 0.0001%; 4 h) after recovery times of 12, 24 and 
42 h by routine techniques (hypotonic treatment with 0.9% sodium citrate, 
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fixation of cells in acetic acicMmethanol, 1:3, spreading of chromosomes on 
wet slides). Air-dried slides were incubated for 12—48 h at a relative humidity 
of 40-50% (40° C). 

For Giemsa staining of chromosomes a modified G-banding technique was 
used involving the following steps: (1) Incubation of slides in 0.025 M phos- 
phate buffer (pH 6.8), 45 min, 60° C. (2) Rinsing in cold phosphate buffer. (3) 
Staining 4-5 min in Giemsa-trypsin solution: 20 ml 0.025 M phosphate buffer, 
6 ml 0.1% trypsin (Difco) in buffer, 0.6 ml Giemsa solution. Metaphases with 
aberrant chromosomes were photographed on DK5 film (ORWO) through a 
VG9 filter. Karyotyping and classification of chromosomal aberrations were 
done in conformity with the recommendations given at the Paris Conference 
[35]. Aberrations were classified as chromatid gaps, chromatid breaks and 
chromatid interchanges (see Fig. 1). 

Results 

Location of aberrations 

The locations of chromatid breaks, chromatid gaps and chromatid inter- 
changes, the most frequent aberration types induced by MNU in the first 
mitosis after treatment, are shown in Fig. 1. Gaps, breaks and interchange 
events have always been found to be located in pale G bands. In those cases in 
which dark bands had been deleted the breaks were found adjacent to the miss- 
ing dark band (Fig. IB). Such chromatid deletions were observed only rarely. 

Fig. 2 shows the positions of 776 aberrations induced by 1 mM MNU in 
chromosomes of diploid and Down's cells after recovery times of 12, 24 and 
42 h. As reported elsewhere [20], aberration frequencies (breakage events per 
cell) were 0.168, 0172 and 0.264 in diploid cells, and 0.242, 0.453 and 0.515 
in Down's cells. Cells collected at the recovery times used were in late S (12 h 
recovery), early S (24 h recovery), and G a (42 h recovery), respectively, during 
treatment with MNU. 

Interchromosomal distribution of aberrations 

A comparison of the number of aberrations expected on the basis of their 
length -proportional distribution with the number of observed aberrations per 
chromosome (Table I) shows that, especially after a short recovery time, aber- 
rations are non-randomly distributed over the chromosomes (x 2 ; GF 21; P < 
0.01). The significant deviation from a random distribution of aberrations was 
due to clustering of aberrations in certain chromosomes, as revealed by a com- 
parison of expected and observed frequencies of involvement of individual 
chromosomes in aberrations (3.38 < x 2 < 38.35; GF 1; 0.07 < P < 0.01): in 
diploid cells chromosomes 2 and 9 (recovery time, 12 h), and in Down's cells 
chromosomes 1 and 5 (recovery time: 12 h) and chromosome 4 (24 h recovery) 
were preferentially involved in aberrations. This observation shows that the 
interchromosomal distribution of aberrations may vary with respect to cell 
type and recovery time. The fluctuation of the involvement of individual chro- 
mosomes in aberrations is evident from Table I. The complete lack of aberra- 
tions involving the X chromosomes of Down's cells and chromosomes 21 of 
both cell lines is noteworthy. The involvement of chromosomes in chromatid 
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Fig. 1. Types of aberration and their locations in G banded chromosomes. (A) chromatid gaps; (B) 
matid gaps accompanied by loss of one or two dark bands; (C) chromatid breaks; (D) chromatid 
changes. Numbers at the bottom of each chromosome designate the aberration locus. 
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Fig. 2. Location of MNU-induced aberrations in chromosomes of diploid and Down's cells after recovery 
times of 12, 24 and 42 h. In the schematic representation of chromosomes, dark bands divided by thin 
lines tend to fuse, g, chromatid gaps; b, chromatid breaks; t2, chromatid translocation involving chromo- 
some 2, respectively. 
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Fig. 3. Representation of the involvement of individual chromosomes in chromatid interchanges. 



interchanges is demonstrated in Fig. 3. From the distribution of marks a non- 
random involvement of chromosomes in interchanges may be deduced. How- 
ever, owing to the low number of interchanges, a statistical analysis was impos- 
sible. 

Intrachromosomal distribution of aberrations 

As mentioned above, aberrations were exclusively located in G bands. 
Assuming that all G" bands were involved with the same probability in aberra- 
tions the expected aberration frequency per G" band should be 1.09% of the 
total'number of aberrations (92 G" bands were considered which have no ten- 
dency to disappear by fusion of adjacent G + bands). A comparison of the 
expected aberration frequencies with the number of observed aberrations 
revealed a non-random distribution of aberrations in G' bands for all recovery 
times tested. (Diploid cells: 12 h recovery, X 2 = 320.53; 24 h recovery ^ X - 
118 70- 42 h recovery, x 2 = 213.63. Down's cells: 12 h recovery, x = 194.40; 
24 h recovery, X 2 = 173.17; 42 h recovery, X 2 = 178.13; GF 91,P < 0.01.) 

Confidence limits * of the expected number of aberrations per G band 
showed some G" bands to be significantly more frequently involved in aberra- 
tions than expected (Table II). With respect to the position of these bands 



* Confidence limits were established from tables for percentage confidence bait, (a - - 0.05 .by 
Bruhnke | 50]. These values satisfactorily correspond to confidence limits <Z> based on the know 
expression Z = k t [% + M a/2 V* d wherein k = expected frequency of aberrations pe 

segment and N = number of aberrant cells (a = 0.01). The equation is based on an approximation 
of the binominal distribution to a normal distribution. 
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(which might be called hot spots), the following conclusions may be drawn. (1) 
The position of hot spots varies with recovery time. (2) Frequently appearing 
hot spots are 3q21 and 5q31 in both diploid and Down's cells. However, the 
position of most hot spots is different in the two cell types. (3) The number of 
hot spots in Down's cells is lower than in diploid cells. 

Discussion 

Possible reasons for a non-random aberration distribution 

A non-random distribution of aberrations may be explained in two ways: it 
might be a consequence of a non-homogeneity of the structure of chromo- 
somes (concerning, e.g. clustering of bases, differences in the secondary struc- 
ture of DNA and/or in the arrangement of chromatin fibers in the nucleus 
during interphase) or an expression of functional diversity. With respect to the 
second possibility, the asynchrony of DNA replication of different chromo- 
somal regions during the S period of the cell cycle is suggested to be a causal 
factor in the establishment of a non-random pattern of aberration distribution, 
especially if alkylating agents are being used for aberration induction. This is 
concluded from the following facts: It is well known that the clastogenic effect 
of alkylating agents is bound to the replication of DNA during the S period 
[13]. Therefore, primary lesions due to alkylations (e.g. alkylated bases and 
phosphate groups) are expected to be transformed into pre-mutational lesions 
during DNA replication. Since DNA lesions due to alkylation have become 
removed from DNA in dependence on time available for repair [37,47], their 
amount in the replication fork of DNA is expected to be a function of the time 
between the induction of primary lesions in DNA and the replication of DNA. 
If, e.g. the induction of primary lesions occurs in the pre-DNA-synthetic phase, 
aberrations are expected to be more frequently located in chromosome regions 
containing early replicating DNA than in those with later replicating DNA. 
DNA regions may, however, differ in their involvement in primary lesions and 
efficiency of repair, respectively, which makes the situation even more compli- 
cated. 

Variations in the pattern of aberration distribution 

Variations in the pattern of aberration distribution in dependence on the 
position of cells in the cell cycle during mutagen treatment seem to be a necces- 
sary consequence of the above considerations regarding the asynchrony of 
DNA replication in chromosomes. Furthermore, in cells treated during differ- 
ent parts of the S phase with alkylating agents, variations may be caused 
directly by the differential replication pattern of chromosomes. Chromosome 
regions that have finished DNA replication before treatment with the alkylating 
agent are not expected to become involved in aberrations visible during the 
same cell cycle. Aberrations would then be expected to be arranged in more 
distinct clusters after short recovery times as compared with longer ones. This 
is borne out by the experimental data, since after a recovery time of 12 h the 
difference between observed and expected aberration frequencies (based on the 
assumption of a random distribution of aberrations) is larger than that found 
after a recovery time of 24 h. 
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Location of aberrations in G~ bands 

Caspersson et al. [6] showed X-ray -induced aberrations in banded human 
chromosomes to be preferentially located in Q" bands. The bulk of additional 
experimental data obtained on banded mammalian chromosomes confirmed 
this observation. They definitely indicate a preferential, if not exclusive, loca 
tion of aberrations induced both by X-rays [15,22,41,44] and chemical muta- 
gens [22,30,36,39] in Q", G" or R + bands. Similar results have been obtained 
for the breakage points of spontaneous translocations in chromosomes of the 
mouse [11] and man [51]. Only few publications report on a random distribu- 
tion of aberrations between pale and dark bands [4,17]; a preferential involve- 
ment of G + , Q + , or R" bands in aberrations has never been found. 

It may be argued that the precise localization of aberrations with respect to 
pale and dark G bands in human chromosomes is limited for technical reasons. 
However, if e.g. chromatid breaks were in fact located in G + bands, aberration 
figures as demonstrated in Fig. 4b would be expected to occur. Such aberra- 
tions have never been found in the present investigation. It is therefore con- 
cluded that MNU-induced breakage events are exclusively located in G" bands. 

G + bands have shown all properties of constitutive heterochromatin [1,3,9, 
51] . It is therefore likely that G" and R + bands, in which aberrations are prefer- 
entially, if not exclusively, located, correspond to euchromatin or facultative 
heterochromatin . 

Sometimes (e.g. on chromosome 9 of diploid cells) aberrations are clustered 
within the centromere. Since the regions adjacent to the centromere have bee: 
demonstrated to be C + , it may be argued that the aberrations are located in the 
pericentric heterochromatin. A detailed localization of the aberrations, how- 
ever, unequivocally placed them in the centromere proper. 

The finding of the location of aberrations in euchromatin of human chromo- 
somes seems to be in contradiction of the concept developed from the analysis 
of aberration distribution in chromosomes having large clusters of constitutive 
heterochromatin such as the X chromosomes of Micro t us agrestis [31,32] or 
the chromosomes of Vicia faba [40,45]. According to this concept, aberrations 
are preferentially located in chromosome regions rich in heterochromatin. Thi: 
discrepancy may be explained by assuming that the preferential location ol 
aberrations in chromosome regions rich in heterochromatin is not due to a 
clustering of aberrations in heterochromatin itself, but the result of an 
increased tendency of euchromatin adjacent to it to be involved in aberrations. 
If aberrations are indeed restricted to euchromatin, a protection mechanism for 
aberrations induction in heterochromatin is to be assumed, or its particular 




a 



b 



Fig. 4. Schematic representation of the banding pattern of a chromosome expected for a break in a P* 1 ''- 
(a) or dark (b) band. 
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structure is incompatible with processes leading to the manifestation of chromo- 
somal aberrations. 

Is the increased chromosomal sensitivity of Down's cells associated with an 
increased clustering of aberrations? 

If this were so, both the number of G" bands showing up as hot spots and 
the proportion of aberrations located in hot spots, respectively, would be 
expected to be higher in Down's cells than in diploid cells. However', the results 
reported here show that, although Down's cells are nearly twice as sensitive as 
diploid cells (in average 0.403 breakage events per cell in comparison with 
0.201), the number of hot spots and the proportion of aberrations located in 
hot spots is lower than in diploid cells. It may thus be concluded that the 
increased aberration frequencies of Down's cells induced by MNU do not 
reflect a more pronounced aberration clustering in this cell type. A frequently 
discussed question is whether or not aberrations of special chromosomes may 
be the starting point in the transformation of normal cells to tumour cells. 
There are some observations claimed to be in favor of this hypothesis. (1) Chro- 
mosome variation in many types of tumour is non-random [23,29]. (2) Indiv- 
iduals with chromosmal disorders and patients suffering from the so-called 
chromosome breakage syndromes are predisposed to the development of 
tumors [15]. (3) Loss from or addition to the normal karyotype of special 
chromosomes induced by carcinogenic substances may cause an expression of 
malignant properties of cells [2,38]. From the above-mentioned hypothesis it 
may be expected that the increased sensitivity to the clastogenic action of car- 
cinogens of cells predisposed to malignant transformation, such as Down's cells, 
is accompanied by an increased clustering of aberrations in special chromo- 
somes which might be important in malignant transformation. The results 
reported here do not support this conclusion. 
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